Introduction {#s0001}
============

One of the most challenging tasks in drug discovery is the identification of the active species responsible for the observed biological activity of a drug or a drug candidate (thereafter referred as the bioactive form). In fact, any molecular entity may undergo structural modifications due to the exposure to different cellular environments, metabolic enzymes, reactions with redox species, and so on. In this regard, understanding the metabolic or chemical stability of a bioactive compound may help to unravel its mechanism of action and to optimise pharmacokinetics properties, which increases the success rate of a drug discovery campaign[@CIT0001] ^,^ [@CIT0002].

In the last 10 years, many efforts have been spent by our own and other research groups on the identification of small molecule inhibitors of the Hedgehog (Hh) signalling pathway[@CIT0003], which plays a pivotal role in the initiation, proliferation, invasion and metastasis of a wide variety of cancers including basal cell carcinoma (BCC), medulloblastoma[@CIT0009], rhabdomyosarcoma[@CIT0012] ^,^ [@CIT0013], pancreatic[@CIT0014], colorectal[@CIT0015], metastatic prostate[@CIT0016], small-cell lung[@CIT0017], breast[@CIT0018] carcinomas, and malignant gliomas. The Hh pathway is also implicated in the regulation and maintenance of cancer stem cells (CSCs), providing a link between the Hh signalling in the regulation of normal stem cells and its role in CSCs maintenance[@CIT0019]. Noteworthy, targeting CSCs has recently emerged as a profitable anticancer strategy endowed with impressive therapeutic implications and challenges[@CIT0023] ^,^ [@CIT0024].

Smoothened receptor (Smo) is the most widely appreciated drug target of the Hh signalling pathway. Two small molecule antagonists of Smo have been approved by the FDA (namely, Vismodegib in 2012 and Sonidegib in 2015) for the treatment of metastatic or locally advanced BCC[@CIT0025] ^,^ [@CIT0026], while a number of clinical trials are currently running on additional chemotypes of Smo antagonists[@CIT0027] ^,^ [@CIT0028]. However, drug-resistant mutations of Smo sequence[@CIT0029], as well as Smo-independent Hh pathway activation have been highlighted during the treatment with Vismodegib or other clinical candidates[@CIT0032] ^,^ [@CIT0033], thus raising the need to identify novel leads capable to act on the drug-resistant forms of Smo and/or to block the pathway downstream or independently by Smo[@CIT0034]. In this regard, the Glioma-associated oncogene homologue 1 (Gli1) is the final effector of the Hh pathway and has emerged as an alternative and more promising target than Smo[@CIT0006].

By integrating multidisciplinary efforts in a concerted strategy, recently we proved that Gli1/DNA interaction is a druggable target for the treatment of Hh-dependent tumours[@CIT0008]. We also identified the naturally occurring isoflavone Glabrescione B (GlaB) as the first small molecule capable of impairing Gli1 activity by directly interfering with its binding to DNA[@CIT0008]. However, for the sake of clarity GANT61 ([Figure 1](#F0001){ref-type="fig"}) has been the first small molecule reported to inhibit Gli1 activity in living cells. It was discovered in 2007 by Lauth et al. in a cell-based screen for small molecule inhibitors of Gli-mediated transcription, together with GANT58 ([Figure 1](#F0001){ref-type="fig"})[@CIT0035]. These two molecules proved to inhibit both Gli1- and Gli2-mediated gene transactivation in a dose-dependent manner, with an IC~50~ value of about 5 µM in cellular assays.

![Chemical structures of two Gli antagonists GANT58 and GANT61 discovered in 2007 by Lauth et al. and GANT61 hydrolysis products GANT61-D and GANT61-A.](IENZ_A_1419221_F0001_B){#F0001}

A subsequent study has highlighted the possible chemical instability of GANT61 by designing a GANT61 diamine derivative (GANT61-D, [Figure 1](#F0001){ref-type="fig"}) that has shown Hh inhibitory efficacy comparable to the parent prodrug GANT61[@CIT0036]. The same authors have also underlined the chemical instability of GANT61 in aqueous buffers[@CIT0037], suggesting that GANT61-D and the pyridine 4-carboxyaldehyde (GANT61-A) are formed according to the pathway shown in [Figure 1](#F0001){ref-type="fig"}.

GANT61-D has been the subject of another recent study aimed at investigating its mode and specificity of binding to Gli proteins and to further corroborate the druggability of Gli in cancer[@CIT0038]. Molecular docking simulations have identified the putative GANT61-D binding site within residues E119 and E167, although the authors have carried out molecular docking on the neutral form of the GANT61-D that is expected to be less abundant than the corresponding mono- and di-protonated forms at physiological pH values.

Even though these prior works[@CIT0036] synergistically substantiated that GANT61-D is the bioactive form of GANT61, they fail to provide clear and detailed information on the mechanism and kinetics of GANT61 hydrolysis, thus limiting the further development of GANT61 as anticancer lead. To fill this gap, and to pursue our scientific interest in developing Hh-targeting small molecules, here we combined multiple approaches including chemical synthesis, computational modelling, analytical tools and functional studies to provide additional insights into the chemical stability and Hh inhibitory activity of GANT61. To this end, we synthesised both GANT61 and GANT61-D in order to provide sufficient amounts of pure compounds for analytical and functional assays. Afterwards, GANT61 chemical stability was monitored by NMR spectroscopy and hydrophilic interaction chromatography (HILIC), whereas molecular modelling was used to evaluate the mode of binding of GANT61-D in its neutral as well as multiple ionisation states to Gli1 zinc finger domain (Gli1ZF). Hh pathway inhibition by GANT61 and GANT61-D was finally evaluated in NIH3T3 Shh-Light II cells stably incorporating a Gli-responsive firefly luciferase reporter (Gli-RE), and in SuFu^−/−^ mouse embryonic fibroblasts (MEFs) to monitor effects on the Hh signalling at a downstream level.

Methods {#s0002}
=======

General experimental procedures {#s0003}
-------------------------------

Commercially available reagents were supplied by Sigma-Aldrich (St. Louis, MO) and used without further purification. A sample of GANT61 was purchased from Tocris Bioscience (Bristol, UK) for comparison with the newly synthesised sample. Dry solvents were purchased from Sigma-Aldrich except for ethanol, which was dried by distillation from I~2~/Mg.

^1^H and ^13^C NMR spectra have been acquired with a Bruker Avance 400 spectrometer operating at 400.13 and 100.6 MHz, respectively, at 300 K in CDCl~3~, MeOD or DMSO-d~6~, using 5-mm diameter glass tubes.

^1^H NMR spectra of GANT61 for kinetic studies were recorded at 310 K in EtOH-d~6~/PBS-*d*(D~2~O) at 50:50 ratio (v/v). The deuterated PBS buffer was prepared by mixing 0.066 M stock solution of K~2~DPO~4~ (98 atom % D) and KD~2~PO~4~ (98 atom % D) prepared in D~2~O to the correct pD = 7.4, diluting the solution to the proper phosphate buffer concentration reported for PBS, and then adding NaCl and KCl to the final solution in order to reach the concentration of 0.137 M and 0.0027 M, respectively. The mixture was thoroughly equilibrated for ∼1 h before being used for NMR measurements. The resulting pD was 7.4 (assuming that pD = pH meter reading +0.4)[@CIT0039], otherwise it was adjusted to 7.4 by addition of 37% w/w DCl or 40% w/w NaOD solutions in D~2~O.

Chemical shifts were expressed in ppm and coupling constants (*J*) in Hertz (Hz), approximated to 0.1 Hz. Residual solvent peak was used as an internal reference for ^1^H NMR and ^13^C NMR spectra. Data for ^1^H NMR are reported as follows: chemical shift, multiplicity (ovrlp = overlapped, s = singlet, d = doublet, t = triplet, p = pentuplet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, ABq = AB quartet), coupling constant, integral. Spectra were processed with the program MestReNova version 6.0.2--5475, FT and zero filling at 64 K.

Mass spectra were obtained using a Thermo Finnigan LCQ Deca XP Plus mass spectrometer equipped with an electrospray ionisation (ESI) source and a Fleet ion-trapanalyser; capillary temperature 275 °C, spray voltage 5.0 kV (positive mode), sheath gas (N~2~) 25 arbitrary units, capillary voltage 40 V, tube lens 15 V.

Analytical liquid chromatography was performed using a Waters-1525 HPLC system equipped with an UV detector (Waters 2487) and an evaporative light scattering detector (ELSD) (SEDEX) detector. The column used was the Acclaim HILIC-10, 3 µm (150 × 4.6 mm I.D.), purchased from Thermo Scientific (Waltham, MA). Eluent: CH~3~CN/NH~4~OAc 100 mM (pH = 4.5) at 95:5 ratio (v/v). Flow-rate: 1.0 ml/min, room temperature. Detection: UV at 254 nm, and ELSD (*P* = 3.0 bar, T = 60 °C). The crude product purifications were carried out on silica column chromatography using Silica Gel Fluka 60 Å (0.063--0.200 mm, 70--230 mesh). GANT61 was purified by column chromatography on aluminium oxide active basic EMD Millipore (0.063--0.200 mm, 70--230 mesh, pH = 9--10.5).

Synthesis of 2-(dimethylamino)benzaldehyde (2) {#s0004}
----------------------------------------------

Commercially available 2-fluorobenzaldehyde (1) (0.45 g, 0.38 ml, 3.62 mmol) and K~2~CO~3~ (1.0 g, 7.24 mmol) were introduced in a sealed tube under an argon atmosphere. Anhydrous DMSO (0.38 ml) and a 2 M solution of (CH~3~)~2~NH in THF (2.0 ml, 4.0 mmol) were added and the mixture was heated to reflux temperature (about 100 °C) for 3 h. Then, after cooling, another aliquot (2.0 ml, 4.0 mmol) of 2 M solution of (CH~3~)~2~NH in THF was added and the mixture was refluxed for other 3 h. The last addition of the (CH~3~)~2~NH solution (2.0 ml, 4.0 mmol) was made before refluxing the mixture overnight. The reaction mixture was poured into water and extracted with CH~2~Cl~2~. Organic layers were collected, dried over Na~2~SO~4~ and concentrated *in vacuo* to give a pale yellow oil. The crude product was purified by column chromatography using silica gel and 5% ethyl acetate/*n*-hexane as eluent to obtain 2-(dimethylamino)benzaldehyde (2) in 65% yield (0.35 g, 2.35 mmol). Pale yellow oil; ^1^H NMR (400.13 MHz, CDCl~3~) δ 10.20 (s, 1H), 7.74 (dd, *J* ~1~ = 7.6 Hz, *J* ~2~ = 1.6 Hz, 1H), 7.46--7.41 (m, 1H), 7.02 (d, *J* = 8.0 Hz, 1H), 6.97 (t, *J* = 7.6 Hz, 1H), 2.89 (s, 6H); ^13^C NMR (100.6 MHz, CDCl~3~) δ 191.2, 155.9, 134.6, 131.1, 127.1, 120.8, 117.7, 45.5; ESI-MS (pos.) *m/z* = 150 (\[M + H\]^+^).

Synthesis of N^1^,N^3^-(bis-2-isopropylbenzyl)propane-1,3-diamine (GANT61-D) {#s0005}
----------------------------------------------------------------------------

In a three-necked round bottom flask, equipped with a Dean--Stark separator fulfilled with molecular sieves (pore size 3 Å) and anhydrous benzene, were introduced benzaldehyde **2** (0.166 g, 1.11 mmol), anhydrous benzene (15 ml) and 1,3-diaminopropane (0.041 g, 46 µl, 0.556 mmol), freshly distilled from molecular sieves. The mixture was heated at reflux temperature and stirred overnight. The reaction mixture, monitored by TLC (eluent: *n*-hexane/ethyl acetate = 90:10), showed the partial disappearance of the starting material after 12 h. After that time, the solvent was removed under reduced pressure and the residue was dissolved in 10 ml of dry ethanol. After cooling the solution to 0 °C, NaBH~4~ (0.083 g, 2.226 mmol) was added and the mixture was stirred for 30 min. Then, the reaction was quenched with a saturated aqueous NH~4~Cl solution and most of the solvent (ethanol) was removed under reduced pressure. The aqueous residue was washed with ethyl acetate (3 × 15 ml) and the organic layers were discarded. 2 M NaOH was added to the aqueous solution until pH 14 and a white precipitate rapidly appeared. The mixture was thus extracted with ethyl acetate (4 × 15 ml) and the collected organic layers were dried over Na~2~SO~4~ and concentrated *in vacuo* to give a yellow oil. The crude product was purified by column chromatography using silica gel and the mixture MeOH/Et~3~N/CH~2~Cl~2~ 10:5:85 as eluent to obtain the pure GANT61-D in 60% yield (0.11 g, 0.34 mmol). Oily transparent or yellowish liquid; ^1^H NMR (400.13 MHz, MeOD) δ 7.28--7.17 (m, 6H), 7.04 (td, *J* ~1~ = 7.2 Hz, *J* ~2~ = 1.2 Hz, 2H), 3.86 (s, 4H), 2.65 (ovrlp s, 12H), 2.68--2.60 (ovrlp m, 4H), 1.75 (p, *J* = 7.1 Hz, 2H). ^13^C NMR (100.6 MHz, MeOD) δ 154.3, 134.4, 131.0, 129.4, 125.0, 121.0, 51.0, 48.2, 45.4, 29.5. ESI-MS (pos.) *m/z* = 341 (\[M + H\]^+^), 171 (\[M + 2H\]^2+^).

Synthesis of GANT61 {#s0006}
-------------------

In a three-necked round bottom flask were introduced GANT61-D (0.051 g, 0.15 mmol) in anhydrous THF (0.5 ml) and commercially available pyridine 4-carboxyaldehyde (GANT61-A; 0.016 g, 0.15 mmol) in anhydrous THF (1.0 ml). The reaction mixture was heated at reflux temperature and stirred for 18 h. The solvent was removed under reduced pressure and the crude residue was purified by column chromatography using basic alumina and ethyl acetate/*n*-hexane as eluent to obtain GANT61 in 90% yield (0.058 g, 0.135 mmol). White solid; ^1^H NMR (400.13 MHz, DMSO-d~6~) δ 8.55 (dd, *J* = 4.5, 1.3 Hz, 2H), 7.67 (dd, *J* = 4.5, 1.3 Hz, 2H), 7.47 (dd, *J* = 4.5, 1.3 Hz, 2H), 7.15 (m, 2H), 7.06--6.98 (m, 4H), 4.01 (s, 1H), 3.40, 3.51 (ABq, *J* ~AB~ = 14.2 Hz, 4H), 2.81 (td, *J* = 11.5, 3.7 Hz, 2H), 2.50 (ovrlp s, 12H), 2.18 (p, *J* = 6.3 Hz, 2H), 1.62--1.54 (m, 2H). ^13^C NMR (100.6 MHz, DMSO-d~6~) δ 152.5, 150.6, 149.5, 132.9, 128.8, 127.1, 124.4, 122.8, 118.8, 85.3, 52.00, 49.9, 44.7, 22.51. ESI-MS (pos.) *m/z* = 431 (\[M + H\]^+^), 215.7 (\[M + 2H\]^2+^).

Molecular modelling {#s0007}
-------------------

The crystallographic structure of Gli1ZF in complex with DNA (PDB ID: 2GLI)[@CIT0040] was used as a rigid receptor in molecular docking simulations performed with AutoDock4.2[@CIT0041]. Before doing docking, DNA atoms and water molecules were manually removed, whereas cobalt ions present in the X-ray structure were substituted with Zn(II) ions as in the physiologically relevant human Gli1. For grid generation, a box of 80 × 70 × 80 points with a grid spacing of 0.5 Å that covered the whole Gli1ZF accessible surface was centred on the mass centre of the protein. An arbitrary +1 charge was set to Zn(II) ions within each ZF, taking into consideration that coordination by amino acids decreases the total point charge of a metal ion as observed in prior studies[@CIT0042]. Docking calculations were performed with AutoDock using the Lamarckian Genetic Algorithm by running 100 GA_RUNS for each molecule and keeping all other parameters at their default value. Electrostatic properties of Gli1ZF were evaluated by solving the Poisson--Boltzmann equation using APBS[@CIT0046].

Docking complexes were further relaxed by energy minimisation in explicit water solvent (TIP3P type) with Amber12[@CIT0047]. The ff12 and the GAFF force fields were used for simulating proteins and ligands, respectively. As in docking simulations, an arbitrary charge of +1 and was assigned to Zn(II) ions, which were treated by a non-bonded approach (harmonic restraint of 10 kcal/(mol•Å^2^)). Energy minimisation was performed as follows, in agreement with prior works[@CIT0042] ^,^ [@CIT0048]: (i) water molecules were energy minimised for 100 steps with a steepest-descent algorithm (SD) and subsequent 300 steps with a conjugate gradient algorithm (CG) while keeping the solute as frozen; (ii) the solvated solute was energy minimised for 1000 steps SD and 9000 steps CG. After energy minimisation, ligand theoretical affinity was calculated by means of the Molecular Mechanics Generalised Born Surface Area (MM-GBSA) method[@CIT0052] ^,^ [@CIT0053] and the XSCORE function[@CIT0054]. Prediction of pKa of GANT61-D was performed by MoKa (Molecular Discovery Ltd.)[@CIT0055].

Hh-dependent luciferase reporter assay {#s0008}
--------------------------------------

The luciferase assay was performed in NIH3T3 Shh-Light II cells, stably incorporating a Gli-responsive luciferase reporter and the pRL-TK Renilla (normalisation control). The Shh-Light II cells were cultured in DMEM plus 10% FBS and then treated for 48 h with SAG alone (200 nM, Alexis Biochemicals, Farmingdale, NY) or in combination with GANT61 or GANT61-D.

Luciferase and *Renilla* activity were assayed with a dual-luciferase assay system according to the manufacturer's instruction (Biotium Inc., Hayward, CA). Results are expressed as luciferase/*Renilla* ratios and represent the mean ± SD of three independent experiments, each performed in triplicate.

mRNA expression analysis {#s0009}
------------------------

Total RNA was isolated with Trizol (Invitrogen/Life Technologies, Carlsbad, CA) from SuFu^−/−^ MEFs cultured in DMEM plus 10% FBS and then treated for 24 h with GANT61 or GANT61-D. RNA was then reverse transcribed with SensiFAST cDNA Synthesis Kit (Bioline Reagents Limited, London, UK). Quantitative real-time PCR (Q-PCR) analysis of Gli1, β-2 microglobulin and HPRT mRNA expression was performed on each cDNA sample using the VIIA7 Real-Time PCR System employing Assay-on-Demand Reagents (Life Technologies, Carlsbad, CA). A reaction mixture containing cDNA template, SensiFAST Probe Lo-ROX Kit (Bioline Reagents Limited) and primer-probe mixture was amplified using FAST Q-PCR thermal cycler parameters. Each amplification reaction was performed in triplicate and the average of the three threshold cycles was used to calculate the amount of transcript in the sample (using SDS version 2.3 software). mRNA quantification was expressed, in arbitrary units, as the ratio of the sample quantity to the quantity of the calibrator. All values were normalised with two endogenous controls, β-2 microglobulin and HPRT, which yielded similar results.

Results {#s0010}
=======

Chemical synthesis of GANT61 and GANT61-D {#s0011}
-----------------------------------------

As recently disclosed by Chenna et al., GANT61-D ([Figure 1](#F0001){ref-type="fig"}) is an intermediate in the synthetic pathway to GANT61[@CIT0056]. Therefore, here we applied a similar chemical synthesis protocol with slight modifications (see [Scheme 1](#SCH0001){ref-type="scheme"}) to obtain both compounds in good yields for analytical and functional studies.

![Synthetic pathway to obtain both GANT61-D and GANT61.](IENZ_A_1419221_SCH0001){#SCH0001}

Briefly, nucleophilic aromatic substitution of commercially available 2-fluorobenzaldehyde (**1**) with dimethylamine led to 2-(dimethylamino)benzaldehyde (**2**) in 65% yield. Afterwards, **2** was converted into the intermediate diimine by treatment with 1,3-diaminopropane. Reduction *in situ* with sodium borohydride afforded GANT61-D in 39% overall yield from 2-fluorobenzaldehyde (**1**). To obtain GANT61, GANT61-D was condensed with commercially available GANT61-A (see [Scheme 1](#SCH0001){ref-type="scheme"}), thus yielding the target compound in 35% overall yield. The structures of GANT61, GANT61-D and **2** were confirmed by ^1^H and ^13^C NMR spectroscopy and by ESI mass spectrometry (ESI-MS). The NMR spectra of chemically synthesised GANT61 were superimposable with those of a sample of GANT61 purchased from Tocris Bioscience and used for comparison (data not shown).

Chemical stability of GANT61 checked by NMR spectroscopy {#s0012}
--------------------------------------------------------

NMR is a powerful tool to monitor the chemical stability of bioactive substances in solution and to clarify their possible degradation pathway[@CIT0057]. Due to limited water solubility, NMR-based kinetic studies of GANT61 were performed in a 1:1 mixture of EtOH-*d* ~6~ and deuterated PBS buffer prepared by mixing Na~2~DPO~4~ and KD~2~PO~4~ in D~2~O and adding proper amounts of NaCl and KCl (pD = 7.4). In addition, and with the aim to reproduce as much as possible the physiological pathway of GANT61 hydrolysis in living cells, NMR experiments were performed at 310 K (37 °C). The singlet centred at δ = 3.97 ppm in the ^1^H NMR spectrum of a freshly prepared solution of GANT61 was attributed to the aminalic proton (N-CH-N) and was selected as a probe to monitor the kinetics of hydrolysis of GANT61 ([Figure 2(A)](#F0002){ref-type="fig"}). In fact, this proton resonates in a rather clean and empty region of the NMR spectrum and is thought to be included in GANT61-A upon hydrolysis of GANT61 based on the pathway described in [Figure 1](#F0001){ref-type="fig"}. The intensity of this signal (normalised with respect to the adjacent increasing signal) proved to decrease during the time ([Figure 2(A)](#F0002){ref-type="fig"}), which indicates GANT61 degradation. In parallel, a new singlet peak is formed at 4.04 ppm, which was attributed to the Ph-CH~2~-NH protons of the newly formed hydrolysis product GANT61-D. Notably, the chemical shift of the new peak from GANT61-D was shown to vary in time as the result of H-bond interactions with the buffer, in agreement with literature data[@CIT0058] ^,^ [@CIT0059]. Based on NMR data acquired up to 48 h of incubation, a kinetic plot was built to show the hydrolysis of GANT61 ([Figure 2(B)](#F0002){ref-type="fig"}).

![GANT61 hydrolysis in EtOH-d~6~/PBS-*d*(D~2~O) 50:50 v/v at 37 °C monitored by ^1^H NMR spectroscopy. **(A)** Time evolution of the ^1^H NMR spectrum in the aliphatic signals region (2--4.2 ppm); peaks corresponding to the monitored proton of GANT61 and GANT61-D are labelled. **(B)** Evolution of the normalised areas of the selected ^1^H NMR signals for GANT61 and GANT61-D monitored up to 48 h incubation.](IENZ_A_1419221_F0002_C){#F0002}

The data shown in [Figure 2(B)](#F0002){ref-type="fig"} clearly highlights the fast kinetics of GANT61 hydrolysis. After 6 h, around 70% of the initial product is hydrolysed into the corresponding GANT61-D, while the plateau is reached at 24 h when around 90% of initial GANT61 is hydrolysed to GANT61-D. From this time point, the reaction is at the equilibrium and no further increase in the relative abundance of GANT61-D is observed up to 48 h incubation.

Chemical stability of GANT61 checked by HPLC {#s0013}
--------------------------------------------

For the HPLC monitoring of the chemical stability of GANT61, we chose to resort to HILIC, which is nowadays accepted as a common separation mode[@CIT0060], essentially dedicated to the separation of very polar compounds, such as carbohydrates, amino acids, oligonucleotides, and highly polar natural products. One of the major advantages of HILIC is the easy coupling with MS which extends its applicability to impurity detection[@CIT0063]. In fact, the use of a low aqueous/high acetonitrile mobile phase significantly improves detection sensitivity for compounds analysed by liquid chromatography (LC)/ESI-MS, thus overcoming the mismatch between normal-phase LC and ESI-MS[@CIT0064]. Also, ELSD has been widely used in the detection of chromophores-lacking compounds, and thus it proved to be particularly suitable to HILIC applications.

After an initial step of investigation for the most suitable chromatographic column operating in the HILIC mode, chromatographic studies were performed on the commercially available Acclaim HILIC-10, 3 µm (150 × 4.6 mm I.D.) column, which was operated under different combinations of aqueous/organic mobile phases. The best mobile phase, consisting of acetonitrile/ammonium acetate 100 mM (pH 4.5) = 95:5 (v/v), yielded the GANT61 peak at about 2 min of retention time (see [Figure 3](#F0003){ref-type="fig"} and [Supporting Information Figure S1](https://doi.org/10.1080/14756366.2017.1419221) for HPLC-UV traces and [Supporting Information Figure S2](https://doi.org/10.1080/14756366.2017.1419221) for the corresponding ELSD chromatograms). When the sample was dissolved in pure acetonitrile (1 mg/ml), the GANT61 peak was the only peak detected for at least 1 h, but when we dissolved GANT61 in the mobile phase (at the same above-mentioned concentration), a new peak attributed to GANT61-D was immediately detected (*t* = 0 in [Figure 4](#F0004){ref-type="fig"}) with a retention time equal to 4.20 min. Such a peak proved to increase during the time, to become the main peak after 24 h ([Figure 3(C)](#F0003){ref-type="fig"}).

![HPLC-UV chromatograms acquired during the time showing the disappearance of GANT61 and the formation of GANT61-D. Sample: GANT61 in CH~3~CN/100 mM NH~4~OAc (pH 4.5) = 95/5 (v/v) (1 mg/ml), column: Acclaim HILIC-10, 3 μm (150 × 4.6 mm I.D.), mobile phase: CH~3~CN/100 mM NH~4~OAc (pH 4.5) = 95/5 (v/v), flow-rate: 1.0 ml/min, detection: UV at 254 nm. (A) t = 0 min; (B) t = 30 min; (C) t = 24 h. The ESI-MS (pos.) spectrum of GANT61-D is included in the box for unequivocal identification.](IENZ_A_1419221_F0003_C){#F0003}

![Chemical stability of GANT61 monitored by HPLC as a function of time. The acetonitrile (ACN) solution has been plotted on the left as a control.](IENZ_A_1419221_F0004_B){#F0004}

The identity of the two peaks was confirmed by flow injection analysis into an ESI-MS of the above-mentioned solutions (positive ions mode). In particular, the injection of the acetonitrile solution yielded a peak at *m*/*z* = 430.33 (monoisotopic mass), corresponding to the protonated form of GANT61 (MW = 429.61), i.e. \[M + H\]^+^, while replicated analyses of the GANT61 solution in mobile phase gave a signal at *m*/*z* = 341.33, which was attributed to the mono-protonated form of GANT61-D (MW = 340.51), i.e. \[M + H\]^+^.

By plotting the HPLC-UV areas measured from the chromatograms acquired during the monitoring against the time ([Figure 4](#F0004){ref-type="fig"}) it was pointed out that the GANT61 molecule undergoes the same hydrolytic dissociation described above by NMR analysis, although at lower pH values and hence more rapidly. However, similar to the NMR study, about 90% of GANT61 is converted in GANT61-D after 24 h.

Taken together, NMR and HILIC experiments clearly suggest that GANT61 hydrolyses quickly into GANT61-D, this latter becoming the most abundant species -- and hence the bioactive form of GANT61 -- in physiological conditions and for incubation time equal or higher than 6 h. Notably, at 24 h, around 90% of GANT61 is converted in GANT61-D.

Molecular modelling {#s0014}
-------------------

In order to check whether the bioactive form of GANT61, namely GANT61-D, could bind the Gli1ZF, we performed structure-based molecular modelling studies. It is worth mentioning that a similar computational study has been performed earlier by Agyeman et al.[@CIT0038] by means of molecular docking simulations on the neutral form of GANT61-D. Different from this prior work, p*K* ~a~ predictions clearly indicated that the secondary amino group of GANT61-D is protonated under physiological conditions, with a prevalence of the di-protonated form over the mono-protonated form of the molecule in the pH range 7--7.5[@CIT0055]. Therefore, to explore the possible binding mode of GANT61-D to Gli1ZF in a physiological context and to compare our results with previous findings, we performed molecular docking of GANT61-D in its neutral, mono- and di-protonated forms by using the same computational settings described by Agyeman et al.[@CIT0038] The lowest energy pose of the most populated cluster of each GANT61-D form was visually inspected and used for theoretical affinity studies (see below). Notably, the neutral form of GANT61-D was docked within the groove between ZF2 and ZF3 ([Figure 5(A)](#F0005){ref-type="fig"}) in H-bond contacts to Glu250 and Glu298, in excellent agreement with the results published previously (see also the [Supporting Information Figure S3](https://doi.org/10.1080/14756366.2017.1419221))[@CIT0038]. For the sake of clarity, here we use the numbering scheme of the full-length Gli1 (Glu250 and Glu298 used in this work correspond to Glu119 and Glu167 of the X-ray structure, respectively)[@CIT0040]. In contrast, protonated forms of GANT61-D were docked preferentially within ZF1 and ZF2 ([Figure 5(A)](#F0005){ref-type="fig"}) in a negatively charged surface region of Gli1ZF ([Figure 5(B)](#F0005){ref-type="fig"}). Accordingly, we hypothesised that the binding of GANT61-D to Gli1ZF in the most abundant protonation forms is mainly driven by electrostatic forces (detailed binding modes of GANT61-D are showed in [Supporting Information Figure S3](https://doi.org/10.1080/14756366.2017.1419221)). Based on molecular docking, GANT61-D is not able to bind within the DNA-binding site of Gli1 that is located within ZF4 and ZF5 as highlighted by X-ray and computational studies ([Figure 5(B)](#F0005){ref-type="fig"})[@CIT0040]. Therefore, it is unlikely that GANT61-D may directly interfere with Gli1 binding to DNA, as instead observed for the direct Gli1/DNA interaction inhibitor GlaB[@CIT0008], although we cannot rule out indirect mechanisms leading to alteration in DNA interaction.

![Predicted binding mode of GANT61-D in its three different protonation states: neutral (cyan sticks), mono-protonated (magenta sticks) and di-protonated (yellow sticks). The Gli1ZF crystallographic structure is showed as (A) cartoon and grey transparent surface and (B) surface coloured according to the electrostatic potential calculated by APBS. Red = negatively charged surface; blue = positively charged surface. The positively charged DNA docking site on Gli1ZF is highlighted.](IENZ_A_1419221_F0005_C){#F0005}

Finally, the theoretical affinity of the three protonation forms of GANT61-D towards Gli1ZF was predicted by means of the MM-GBSA method and the XSCORE function[@CIT0053] ^,^ [@CIT0054], upon energy minimisation of docking-based binding complexes in explicit water solvent. Results reported in [Table 1](#t0001){ref-type="table"} unequivocally show that the di-protonated form of GANT61-D holds the strongest affinity for Gli1ZF, whereas the neutral form was predicted to be the lowest affinity species. These results further support the hypothesis of an electrostatic-driven binding of GANT61-D to Gli1ZF that may target the surface region within ZF1 and ZF2 of Gli1ZF, as well as that GANT61-D binds with the highest affinity as protonated species compared to the neutral form. Finally, a good correlation between p*K* ~d~ values predicted by XSCORE and experimental affinity measured previously was found[@CIT0038].

###### 

Theoretical affinity of GANT61-D to Gli1ZF.

  Protonation form of GANT61-D   ΔG binding MM-GBSA (kcal/mol)   XSCORE (p*K*~d~)
  ------------------------------ ------------------------------- ------------------
  Neutral                        −25.982 ± 0.008                 4.50
  Mono-protonated                −28.217 ± 0.006                 4.60
  Di-protonated                  −31.972 ± 0.002                 4.65

Biological activity {#s0015}
-------------------

To investigate whether GANT61-D carried the ability to inhibit the Hh signalling, we performed a luciferase functional assay and compared the Hh inhibitory activity of GANT61 with that exerted by GANT61-D. To this end, we treated NIH3T3 Shh-Light II cells, which stably incorporate a Gli-RE[@CIT0065], with the synthetic Smo agonist SAG[@CIT0066] alone or in combination with different concentrations of the tested compounds. As shown in [Figure 6(A)](#F0006){ref-type="fig"}, GANT61-D antagonised the SAG-induced Hh pathway in a dose-dependent manner and with comparable efficacy as the parent GANT61. Next, we analysed the effect of GANT61-D in SuFu^−/−^ MEFs, in which the constitutive activation of the pathway is a consequence of the deletion of the negative regulator *SuFu* gene. GANT61-D at 10 µM concentration significantly reduced the expression of Gli1, the final and most powerful effector of the Hh signalling ([Figure 6(B)](#F0006){ref-type="fig"}), already after 24 h, in agreement with the concept that the bioactive form of GANT61 to mediate Hh inhibition is its diamine derivative GANT61-D.

![(A) Luciferase reporter assay in NIH3T3 Shh-Light II cells, which shows the dose-dependent inhibition of Hh signalling by GANT61 and GANT61-D after 48 h of treatment. (B) SuFu^−/−^ MEFs were treated for 24 h with GANT61 or GANT61-D (10 μM) or DMSO as a control. *Gli1* mRNA levels were determined by qRT-PCR normalised to β2-microglobulin and *HPRT* expression.](IENZ_A_1419221_F0006_B){#F0006}

Discussion {#s0016}
==========

The Hh signalling pathway is involved in many different types of cancer and its inhibition by small molecules is nowadays considered an effective anticancer strategy[@CIT0004] ^,^ [@CIT0006] ^,^ [@CIT0065]. Although the initial enthusiasm for the approval by the FDA of two antagonists of the Smo receptor[@CIT0025] ^,^ [@CIT0026], drug-resistant Smo mutations and aberrant activation of Hh signalling downstream of Smo have been identified in clinical patients, which pointed to the serious need of alternative approaches[@CIT0029]. Besides Smo, one of the most profitable Hh targets is Gli1, the final and most powerful effector of Hh signalling[@CIT0006] ^,^ [@CIT0008]. GANT61 has been identified as the first small molecule inhibitor of Gli1 and to date, it is used as a reference control in multiple studies focusing on Hh signalling transduction and modulation by small molecules[@CIT0035]. The chemical instability of GANT61 was first highlighted in 2010 by Lauth et al.[@CIT0036] ^,^ [@CIT0037], and further addressed in 2014 by Agyeman et al.[@CIT0038]. Besides these reports, here we aim to provide additional insights into the mechanism and kinetics of GANT61 hydrolysis and to complement the knowledge on the mechanism of actions of this reference Hh signalling inhibitor. To these aims, GANT61 and its diamine derivative GANT61-D were obtained by chemical synthesis, while the kinetics of GANT61 hydrolysis was monitored by high-resolution analytical tools such as NMR spectroscopy and HILIC. Results of our study show that GANT61 hydrolysed to the diamine GANT61-D and the aldehyde GANT61-A. This process is endowed with a rather fast kinetics, as a plateau is reached in 24 h when about 90% of GANT61 is converted in GANT61-D. These results unequivocally indicate that the bioactive form of GANT61 in cell-based experiments is the diamine derivative GANT61-D, particularly when incubation time is equal or higher than 6 h.

To corroborate this hypothesis, and to further support NMR and HILIC data, we performed molecular modelling and functional studies. Multiple protonation states of GANT61-D were considered in molecular docking simulations against Gli1ZF, including the neutral form that -- although being endowed with a very low probability to exist in physiological conditions -- has been the subject of a recent modelling study[@CIT0038]. Results of the present computational analysis show that the protonated forms are most affine to Gli1ZF compared to the neutral form, and bind in a negatively charged region of the protein in correspondence of ZF1 and ZF2 thus suggesting that electrostatic forces may be crucial for intermolecular recognition and binding.

Finally, the Hh inhibitory properties of GANT61 and GANT61-D were evaluated in NIH3T3 Shh-Light II cells, which stably incorporate a Gli-RE, and in SuFu^−/−^ MEFs, in which the pathway is constitutively active. In both assays, GANT61-D showed its ability to antagonise Hh signalling and to inhibit Gli1 expression with comparable efficacy as GANT61. Our findings strongly support that GANT61-D is the bioactive form of GANT61 able to counteract the Hh signalling at downstream level, thus limiting the oncogenic potential of the pathway occurring in a context of Smo-independent or Gli1 hyperactivation by alternative mechanisms.

Conclusion {#s0017}
==========

In this work, we shed light on the mechanism and kinetics of GANT61 hydrolysis, and further complement previous works in substantiating that GANT61-D is the bioactive form of GANT61 in Hh inhibition. Molecular modelling studies identified the main pharmacophores of GANT61-D that are relevant for the binding to Gli1ZF and suggested some strategies to generate optimised derivatives. For example, molecular rigidification and the design of GANT61-D analogues with constrained diamine linker may be undertaken to limit the conformational freedom of the molecule; phenyl rings may be decorated with functional groups that improve the interaction with Gli1ZF, or with chemical moieties that may ameliorate the pharmacokinetics profile of the lead; the aryl-dimethylamino group may be also replaced by different chemotypes, as it seems not particularly relevant for the interaction with Gli1ZF that we found to be driven mostly by electrostatic forces. Besides these suggestions, we hope that results of our integrated and multidisciplinary effort will inspire additional routes to design more potent and effective Hh inhibitors based on the scaffold of GANT61-D.
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